Plasmonic lenses are based on complex combinations of nanoscale high aspect ratio slits. We show that their design can be greatly simplified, keeping similar performance while releasing technological constraints. The simplified system, called Huygens lens, consists in a central aperture surrounded by several identical single mode slits in a thin gold layer that does not rely anymore on surface plasmons. The focusing behaviour with respect to the position and number of slits is investigated, and we demonstrate the interest of this design to get compact array of lenses.
INTRODUCTION
The development of integrated compact optical sensors requires the miniaturization of lenses at a mesoscopic scale [1] . However the downsizing of conventional dielectric-based optical devices leads to an increase of the curvature and the thickness of the object, thus giving rise to fabrication issues. Also, these lenses must be aligned and hold mechanically which results in a spatial limitation in the miniaturization of global optical system. In order to improve compactness and sturdiness of such systems, other alternatives implying planar lenses placed directly on top of the sensing device have been suggested [2] . In particular, plasmonic lenses (PL) have been extensively studied since 2005 [3] - [7] . In these lenses, phase delays allowing the constructive interference at the focal area are made of two terms. The first term stems from the transmission throughout the slit, which depends on the width of the slit. This is due to the effective refractive index associated to the guided mode inside the slits, which results from the coupling of surface plasmons propagating along the slit walls, and depends on its width [3, 8] . The second term is driven by the position of the slit relative to the structuring axis according to the light path difference. Thus, an array of subwavelength slits of different widths in a planar metallic layer can be tailored to induce a lens-shaped phase modulation.
Getting a phase shift over the [0 − 2π] range requires narrow and high aspect ratio slits, but as the technological constraints determine the minimal slit width, the maximum available phase shift is limited. Moreover, the index of the guided mode is highly sensitive to width variations, underlining the need to engrave these slits with high precision [8] . Therefore, the realization of such PL, which requires etching an array of heterogeneous high aspect ratio (defined as the ratio of height over width) slits while keeping nanometric precision, seems to be hardly achievable. Even for more realistic PL designs [9, 10] , the tolerance on slit width remains a critical parameter. In contrast, other designs based also on plasmonics like nano-hole quasi-periodic array [11] , or rather on diffraction effects like super-oscillatory lenses [12] or Fresnel zone plates, have been suggested. Fresnel zone plates are used either to focus in-plane surface plasmons [13, 14] or visible light [15] - [17] . However, they have always been demonstrated with a high number of zones, which could be a drawback against the miniaturization of systems and their integration in detector arrays.
In this letter, we show that the combination of a central aperture engraved in a thin metallic layer, and surrounded by several identical single mode slits leads to similar light focusing as in PL while dramatically releasing the technological constraints. Moreover, we show that a 3-slits structure allows to reach numerical aperture in the range of 1 to 3 while keeping a nearly constant efficiency, which is a step toward more compact devices. We call this system a Huygens lens (HL). The influence of the number of lateral slits as well as their position relative to the central aperture on the focusing HL properties are investigated.
HUYGENS LENS DESCRIPTION
We consider a 2D-system, made of rectangular apertures engraved in a metallic layer along the x-direction, as represented in Figure 1 0 [19] . Then, the Rayleigh-Sommerfield integral of Hankel function for a rectangular aperture of width D 0 along x leads to:
Let us emphasize that this formula holds for a cylindrical configuration and has been confirmed by exact rigorous electromagnetic computations. It slightly differs from the spherical case [18] . Secondly, several pairs of adjacent slits are added, in order to produce constructive interferences at the desired focal point. This addition also increases the lens aperture, thus improving the sharpness and the contrast of the focal spot. Considering the case of a symmetrical cylindrical lens under normal incidence illumination, the distance D i between the two slits forming the i th pair as drawn in Figure 1 (g) must be set in order to have constructive interferences between the light exiting from the slits and the central aperture at the desired focal F. Therefore, the phase shift ∆Φ must be:
where ρ i is the distance between the i th slits and the focal spot and N is a positive integer. Thus D i can be expressed as:
The HL design consists in an identical internal phase delay term for the central aperture and all slits, and it is no longer based on the phase modulation due to plasmonic behaviors. The gold is used only as an opaque optical medium wherein slits are engraved, thus only needing a gold layer thickness of a few skin depths (∼100 nm in the visible domain).
As reference, we choose the PL designed by Yu et al. represented in Figure 1 (a) [18] , which focuses a normal incident transverse magnetic (TM) plane wave at λ = 650 nm at a focal length of 3 µm. The electric field intensity map and its transverse profile at the focal point are shown in Figure 1 (b) and 1(c). The simulations were performed with COMSOL software [20] , using m = −12.9 + 1.2i for the gold permittivity [21] and the scattering boundaries conditions. As we can see, the focal spot is sharp and well contrasted. The thickness of the gold layer is fixed at 450 nm, thus the phase delays are controlled by varying both the width and the position of the slits. This process leads to a 53-slit structure with aspect ratios of up to 37 which are hardly achievable. A much simpler HL was designed with the same focal length as shown in Figure 1 
INFLUENCE OF D 1 ON LIGHT FOCUSING
The electric field intensity map is plotted in Figure 2 
INFLUENCE OF THE NUMBER OF EXTERNAL SLITS
These results remain valid for a HL with additional external slits, and we now investigate how the focusing behavior of HL can be further improved in this case. Three to seven slits structures are considered, with the distances D i calculated fol- calculated from the transversal and longitudinal FWHM considering the approximation of an ellipsoidal shape. The quantitative improvement of the focusing figures is shown in the electric field intensity map in Figures 3(a)-(c) . The larger the lens aperture, the smaller the focal spot area. Figure 3(d) illustrates the evolution of the spot area as a function of the normalized lens aperture D/2F for various focal length values. It clearly shows that the enhancement stops when the number of slits leads to a total aperture larger than 2F. For this optimum situation, the spot area is λ 2 compared to the spot area greater than 30 λ 2 obtained with the central aperture alone. In that case, 6.7% of the energy incoming on the HL is focused. Eventually, on the right-hand side of the figures, the corresponding transverse profiles of the intensity normalized by |E max | 2 taken along z = 5 µm are shown. We see that the side lobes intensities are five times lower than the focal spot.
PERIODIC ARRAY OF HUYGENS LENSES
The identical single mode slits surrounding the central aperture in HL design could be used to improve the compactness of an array of lenses. In order to illustrate this, the intensity map of a periodic 3-slits HL (Figure 4(a) ) has been plotted in Figure 4 (b) on three periods. The dimensions of the HL are the same as the aperiodic 3-slits HL shown in Figure 3 (a) repeated with a period Λ = 6.46 µm (Floquet periodic conditions have been implemented in COMSOL). The periodic HL has roughly the same focusing behavior as the aperiodic one, but the focal length is slightly shifted to F = 5.3 µm and the spot area is smaller. The transverse profile of the normalized electric field is plotted at the focal length in the periodic (red continuous curve) and aperiodic (green dashed curve) cases in Figure 4 (c). The focal spot has a higher intensity and a smaller transversal FWHM in the periodic case. In fact, in the periodic lens, the slits of the neighboring lenses also contribute to the focusing. This means that a (2N + 1)-slits periodic lens has a similar behavior to a (4N + 1)-slits aperiodic HL, where N can be a half integer. The transverse profile of the 5-slits aperiodic HL is also plotted in 4(c) (blue dashed curve), and confirms that the peak intensity and FWHM are very close to the 3-slits periodic case. In summary, the periodicity of HL allows to reduce the aperture needed to achieve given focusing performances.
CONCLUSION
We have proposed the HL design that consists in an identical internal phase delay term for all slits. Therefore very narrow slits are no longer needed to produce high phase modulations. These outcomes strongly release the technological constraints, in particular aspect ratios of designed HL can be very low (typically ∼1) and keep good focusing properties. The HL represents an alternative design to PL in order to make planar lens with a more achievable fabrication. HL with a fixed or variable focal length can be designed following a set of simple analytical equations. Furthermore, an asymmetric distribution of the slits can also be considered. This study paves the way to the conception of structures with more complex functionalities while keeping a viable technology.
